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Abstract
We have studied magnetic and transport properties in polycrystalline CaRu1−xScxO3 for 0 ≤ x ≤ 0.20 in
order to clarify the substitution effects of a non-magnetic trivalent ion. We find that a ferromagnetic transi-
tion with Tc ∼ 30 K is observed in Sc-substituted samples. The composition dependence of the Curie-Weiss
temperature θCW implies that the magnetic susceptibility has a paramagnetic contribution with negative θCW
and a ferromagnetic contribution with positive θCW. The field dependence of magnetization at 2 K is also
understood as a summation of the ferromagnetic and paramagnetic components. These results suggest that
CaRu1−xScxO3 is a non-uniform magnetic system. The relationship between the ferromagnetic ordering and
the transport properties is also discussed.
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I. INTRODUCTION
The physical properties of CaRuO3 and SrRuO3 have been extensively studied because of their
contrasting magnetism in the same structure. Both compounds crystallize in an orthorhombic per-
ovskite structure and show a metallic conduction. On the other hand, they exhibit completely
different magnetic properties. While SrRuO3 is well known as an itinerant ferromagnet with the
transition temperature Tc = 165 K,1,2 CaRuO3 shows paramagnetic behavior, in which the mag-
netic susceptibility obeys the Curie-Weiss law. Due to a high Curie-Weiss temperature (-140 K),
one can expect an antiferromagnetic ordering in this compound below around 100 K, but a neutron
diffraction and a Mo¨ssbauer spectroscopy have revealed that CaRuO3 has no long-range magnetic
ordering down to 1.5 K.3,4 As such, the magnetic ground state of CaRuO3 has been controver-
sial, and there are many suggestions in the literature. Felner et al. have found the irreversibility
between zero-field-cooled and field-cooled dc magnetization curves and a magnetic sextet in the
Mo¨ssbauer study for 57Fe-substituted CaRuO3 at 4.1 K.5 From these results, they have proposed
that CaRuO3 is not paramagnetic, but rather in a spin-glass state. However, the AC susceptibility
measurements could not give clear evidence of the spin-glass transition.6 CaRuO3 is believed to be
on the verge of a magnetic ordering. In other words, this compound is readily in a magnetically or-
dered state resulting from the change of electronic states. Indeed, 5%-Sr and 5%-Na substitutions
for Ca induce a spin-glass ordering and an antiferromagnetic ordering, respectively.7,8
The substitutions for the Ru site in CaRuO3 have attracted much interest due to their anoma-
lous effects on magnetism. It has been reported that the partial substitution of transition metal
ions for Ru induces a magnetic ordering. Surprisingly, this phenomenon occurs regardless of the
magnetism of the substituent ions; a ferromagnetic ordering is reported for M = Fe, Mn, Cr, and
Ti and a spin-glass state for M = Sn, Co, and Cu.9–15 It should be noted here that ferromag-
netism is induced by the substitution of a non-magnetic Ti4+ ion. This result is incompatible with
a simple magnetic dilution effect. Since this ferromagnetism is induced by only 2 % of isovalent
substitution, He and Cava have suggested that CaRuO3 is poised at a critical point between fer-
romagnetism and paramagnetism at low temperature.12 Recently, Hardy et al. have proposed that
Ti-substituted CaRuO3 is a heterogeneous itinerant ferromagnetic system,16 but the mechanism of
the ferromagnetism is still unclear.
A comparison with other ion substitutions would be useful for clarifying the origin of the
ferromagnetism. We focus on how the magnetism changes with the formal Ru valence. A trivalent
2
ion substitution creates a pentavalent Ru5+ to increase the formal Ru valence, which should be
compared with the Ti4+ substitution. To see this effect clearly, the substitution of a non-magnetic
trivalent ion is desirable, because one can exclude a magnetic impurity effects. However, to our
knowledge, there are no such studies up to now.
In this paper, we have measured the magnetization, the electrical resistivity, and the Seebeck
coefficient of polycrystalline CaRu1−xScxO3 (0 ≤ x ≤ 0.20). We have found a ferromagnetic order
with Tc ∼ 30 K in Sc-substituted samples. Based on the assumption that two magnetic components
exist in CaRu1−xScxO3, we discuss a possible picture of the ferromagnetic order.
II. EXPERIMENTS
Polycrystalline samples of CaRu1−xScxO3 (0 ≤ x ≤ 0.20) were prepared by a conventional
solid-state reaction from the stoichiometric mixtures of CaCO3 (99.9%), RuO2 (99.9%), and Sc2O3
(99.9%). The mixtures of oxides were ground and heated in air at 1000 ◦C for 12 h. Then, the
powders were reground and pressed into pellets, and sintered in air at 1250 ◦C for 48 h. The
prepared samples were investigated by powder x-ray diffraction measurements (Cu Kα radiation)
at room temperature with a Rigaku RINT-2000 diffractometer.
The magnetization measurements were performed by a superconducting quantum interference
device magnetometer (Quantum Design MPMS). Magnetization (M) data were collected from 2 to
300 K in the DC field (H) of 0.1 T on field cooling and zero field cooling. The field dependence of
magnetization was measured at 2 K in a magnetic field range from -7 to 7 T. Transport properties
were measured from 4.2 to 300 K using homemade probes. The electrical resistivity and the
Seebeck coefficient were measured using the four-probe technique and the steady-state two-probe
method, respectively.
III. RESULTS AND DISCUSSION
Powder X-ray diffraction patterns of CaRuO3 and CaRu0.8Sc0.2O3 are shown representatively
in Fig. 1(a), with a calculated pattern of CaRuO3 obtained with RIETAN-FP.17,18 The diffraction
patterns show that all the prepared samples belong to the orthorhombic perovskite structure of the
space group Pnma. Figures 1(b) and 1(c) show the x dependence of the lattice constants and the
lattice volume V of CaRu1−xScxO3 at room temperature, respectively. The change in the lattice
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parameter a is small, while b and c increase gradually with Sc content x. Correspondingly, the
lattice volume continuously increases with increasing x. We expect that Ru5+ ions are generated by
Sc substitution and calculate the lattice volume expected from the formula Ca[Ru4+1−2xRu5+x ]Sc3+x O3,
using the expressions given by
V = 224.3r3m + 173.5 [Å3], (1)
rm = (1 − 2x)r4+VI + xr5+VI + xr3+VI , (2)
where rm is the average ionic radius and r4+VI (0.62 ), r5+VI (0.565 ), and r3+VI (0.745 ) are the ionic
radius of Ru4+, Ru5+, and Sc3+, respectively.19 As shown in Fig. 1(c), the experimentally-observed
V is in agreement with the calculated line. This result suggests successful substitution of Sc for Ru
and the existence of Ru5+ ions. A tiny trace (2%) of CaO was detected for all the samples, which
possibly came from evaporation of Ru. Since CaO is a nonmagnetic insulator, it would cause no
significant effects on magnetism.
Figure 2(a) shows the temperature dependence of M/H in 1 kOe on field cooling for
CaRu1−xScxO3. Typical ferromagnetic behavior is observed below 50 K for the Sc-substituted
specimens. The magnetization below 50 K continues to increase with increasing x up to x = 0.20.
We define the Curie temperature Tc as the temperature at which the absolute value of d(M/H)/dT
takes a maximum as shown in the inset of Fig. 2(a), and find Tc to be 30 K for all the Sc-substituted
samples. A similar trend has been observed for CaRu1−xTixO3.12,16 The temperature dependence
of H/M is shown in Fig. 2(b). A sudden drop corresponding to the onset of the ferromagnetism is
found below 50 K for all the samples except for x = 0. For x = 0.05, another drop is seen at around
150 K, which was dependent on samples. Thus the drop near 150 K would be extrinsic. Above
200 K, H/M linearly increases with temperature. The linear part of H/M at high temperature is
explained using the Curie-Weiss law given by
χ(T ) = C
T − θCW
, (3)
where C is the Curie constant and θCW is the Curie-Weiss temperature. According to this expres-
sion, an extrapolation of the linear part to H/M = 0 gives a value of θCW. The extrapolations are
shown as the solid lines for x = 0 and 0.20 in Fig. 2(b). As can be seen in Fig. 2(b), θCW shifts to
positive with increasing x, and the sign finally changes at x = 0.20. We should emphasize that this
x dependence of θCW is seriously incompatible with weakly x-dependent Tc, because Tc is propor-
tional to θCW within mean-field approximations in a uniform magnet. Thus, this result implies that
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the system is not uniform; the susceptibility should be understood as an average of a paramagnetic
part with negative θCW and a ferromagnetic part with positive θCW. Then the sign change in θCW
corresponds to the increase in the volume fraction of the ferromagnetic part. A similar change in
θCW is seen in Ca1−xLaxMnO3, in which a ferromagnetic interaction is induced by La substitution.20
Neumeier and Cohn have pointed out that La substitution causes the magnetic phase segregation
in this system because local ferromagnetic regions appears within the antiferromagnetic phase of
CaMnO3.21
Based on these speculations, we propose that the magnetic susceptibility for CaRu1−xScxO3 has
two contributions above Tc, given by
χ(x, T ) = (1 − 2x)χp(T ) + xχ f (T ), (4)
where χp(T ) and χ f (T ) are the paramagnetic and ferromagnetic parts, respectively. We assume that
the ferromagnetic part consists of the generated Ru5+ ions and the paramagnetic one is originated
from the Ru4+ ions. We further assume that the volume fraction of the two components is identical
to that of the Ru5+ and Ru4+ ions. Since the chemical formula is Ca[Ru4+1−2xRu5+x ]Sc3+x O3, we
consider that the paramagnetic phase of CaRuO3 is essentially unaffected with the volume fraction
of 1 − 2x. In this assumption, we can regard the paramagnetic part as the magnetic susceptibility
of CaRuO3, i.e., χp(T ) = χ(0, T ). Then we can extract the ferromagnetic part χ f (T ) by subtracting
the experimentally-observed χ(T) of CaRuO3 from that of the Sc-substituted samples, using an
expression given by
χ f (T ) = 1
x
[χ(x, T ) − (1 − 2x)χp(T )]. (5)
Figure 3 shows the temperature dependence of thus obtained χ f . All the data fall into a single
curve, supporting the validity the two-component model described by Eq. (4). A broken curve
depicts the calculation given by
χ f (T ) =
C f
T − Tc
, (6)
where C f is the Curie constant of the ferromagnetic component and Tc is the ferromagnetic tran-
sition temperature. The calculated curve with C f = 2.08 emu K/mol and Tc = 30 K explains well
the experimental data. We employed the value of Tc from Fig. 2(a). From the value of C f , we
obtain an effective magnetic moment µeff to be 4.08µB per formula unit, corresponding to S ∼ 3/2.
This result implies that Ru5+ ions with S = 3/2 constitute the ferromagnetic component.
To further investigate the two-component analysis, the field dependence of magnetization was
measured. We have examined that a demagnetization correction is negligible for all the measure-
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ments. Figure 4(a) shows the M-H curve at 2 K for CaRu1−xScxO3. CaRuO3 exhibits a linear field
dependence, showing the absence of magnetic ordering. On the other hand, magnetic hysteresis
loops are observed at 2 K in the Sc-substituted samples, which is indicative of ferromagnetism.
With increasing Sc, the ferromagnetic hysteresis loop becomes more remarkable and the magne-
tization increases, reflecting the development of the ferromagnetic order. Note that M increases
linearly above 60 kOe without any sign of saturation. This feature is also observed in previous
studies of other transition metal ion substitution for Ru.11,16,22 We assume that M-H curve can be
understood as a summation of the ferromagnetic and paramagnetic contribution, as was already
discussed above. Then the experimentally-observed magnetization M(x, H) is given by
M(x, H) = (1 − 2x)Mp(H) + xM f (H), (7)
where M f (H) and Mp(H) = χpH are the ferromagnetic and paramagnetic parts, respectively.
Accordingly, the ferromagnetic component M f (H) is given by
M f (H) = 1
x
[M(x, H) − (1 − 2x)Mp(H)]. (8)
The field dependence of M f is shown in Fig. 4(b). All the data almost fall into a single curve
again, and this scaling further confirms the validity of the two-component model. We evaluate the
saturation magnetization Ms to be about 1.0µB per formula unit by extrapolating M f above 60 kOe
to H = 0. This value is only one-third of S = 3/2.
Figure 5(a) shows the temperature dependence of the electrical resistivity ρ. The resistivity
shows metallic conduction (dρ/dT > 0) for CaRuO3, while it systematically changes to non-
metallic one (dρ/dT < 0) with increasing Sc content. For example, ρ continues to increase by
two orders of magnitude from 300 down to 4.2 K for CaRu0.80Sc0.20O3. We should note that the
resistivity increases sharply below 50 K, as seen in the change in the slope of the solid lines in Fig.
5(a). One can attribute the rapid increase in ρ to magnetic domain boundaries.23,24 When spin-
polarized conduction electrons in one domain move to the neighboring domains, they undergo
the spin-dependent scattering at the boundaries between domains with different magnetization
directions. The temperature dependence of the Seebeck coefficient S is shown in Fig. 5(b). In
contrast to the resistivity, the Seebeck coefficient retains metallic against Sc substitution. Since the
diffusive term of the Seebeck coefficient is predominantly determined by carrier concentration, the
Sc substitution mainly affects not the carrier concentration but the mobility. Moreover, one can
see that S increases with x more remarkably at low temperatures, while it is almost independent
near room temperature.
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To see this clearly, we plot ∆S = S (x)−S (x = 0) in Fig. 6, where ∆S takes a maximum near the
transition temperature Tc and the maximum increases with increasing Sc content x. The shape of
∆S reminds us of the magnetic susceptibility near Tc, suggesting that the spin fluctuation affects
the transport properties. It has been theoretically suggested that the spin fluctuation influences
the transport coefficients in high-Tc copper oxides.25 The relationship between the ferromagnetic
order and the transport properties is indicated in a qualitative manner, and a further study such as
magneto-transport needs to be performed.
Finally, we discuss the nature of the ferromagnetism. We have shown that CaRu1−xScxO3 is a
non-uniform magnetic system, consisting of the paramagnetic component originated from CaRuO3
and the ferromagnetic one driven by Sc substitution. Considering the identical Tc = 30 K, a phase
segregation is likely to occur. He and Cava have pointed out that the substitution of 3d transition
metals M drives CaRu1−xMxO3 to an inhomogeneous ferromagnetic system, containing ferromag-
netic clusters with an intrinsic Tc.22 The Sc substitution effect could be understood by their picture.
However, the domain size, the distribution pattern, and the segregation mechanism are to be ex-
plored. The value of µeff above Tc indicates that Ru5+ ions generate the ferromagnetic component.
One open issue is that the saturation magnetization is only one-third of S = 3/2. One possibility is
that only one-third of Ru5+ ions contribute to the ferromagnetic order. In this case, the rest of Ru5+
ions would show paramagnetic behavior and result in the linearly increase of M f at high field.
A second possibility is that the ferromagnetism is of itinerant nature. The discrepancy between
µeff and Ms is often observed in itinerant ferromagnets,26 which is consistent with the moderately
conductive behavior. At least we can say that the ferromagnetism observed in the present work is
different from that in SrRuO3 in the sense that the generated Ru5+ ions are responsible for the order.
At the present stage, the magnetism of CaRu1−xScxO3 is still enigmatic in some respects. To clarify
the picture of the magnetism in more detail, the microscopic investigations such as transmission
microscope in the real space and neutron scattering in the momentum space are indispensable.
IV. SUMMARY
We have measured magnetization and the transport coefficients of polycrystalline
CaRu1−xScxO3 (0 ≤ x ≤ 0.20). The ferromagnetic order with Tc ∼ 30 K is found in all the Sc-
substituted samples. The Curie-Weiss temperature θCW shows the anomalous composition depen-
dence, implying that the susceptibility has a paramagnetic contribution with negative θCW and a
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ferromagnetic contribution with positive θCW. We actually find that the M/H - T and M-H curves
can be understood as a summation of the ferromagnetic and paramagnetic components. Based on
these results, we conclude that CaRu1−xScxO3 is a non-uniform magnetic system consisting of the
paramagnetic component originated from CaRuO3 and the ferromagnetic one driven by Sc substi-
tution. Furthermore, we have found that the transport properties are substantially affected by the
ferromagnetic order.
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FIG. 1: (Color online) (a) The powder X-ray diffraction patterns of CaRuO3 and CaRu0.8Sc0.2O3 at room
temperature. The calculated pattern of CaRuO3 is shown at the bottom. The asterisk shows an reflection of
CaO. (b) The lattice constants for a, c (left scale), and b axis (right scale) and (c) the lattice volume V of
CaRu1−xScxO3 as a function of Sc content x, respectively. A solid line in (c) depicts the calculation expected
from the formula Ca[Ru4+1−2xRu5+x ]Sc3+x O3 (see text).
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FIG. 2: (Color online) Temperature dependence of (a) M/H and (b) H/M measured at 1 kOe on field cooling
for CaRu1−xScxO3, respectively. The inset in (a) shows temperature dependence of d(M/H)/dT . The solid
lines in (b) depict an extrapolation of the linear part to H/M = 0 (see text).
FIG. 3: (Color online) Temperature dependence of a ferromagnetic component χ f for CaRu1−xScxO3. A
broken line depicts the calculation derived from χ f = C f /(T − Tc) (see text).
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FIG. 4: (Color online) Magnetic-field dependence of (a) M and (b) M f (see text) measured at 2 K for
CaRu1−xScxO3.
FIG. 5: (Color online) Temperature dependence of (a) the electrical resistivity and (b) the Seebeck coeffi-
cient for CaRu1−xScxO3, respectively. The solid lines are guides to the eye to emphasize the slope change.
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FIG. 6: (Color online) Temperature dependence of ∆S = S (x) − S (x = 0) for CaRu1−xScxO3.
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